ABSTRACT Direct spectroscopic measurements of rotational motions of proteins and large protein segments are crucial to understanding the molecular dynamics of protein function. Fluorescent probes and spin labels attached to proteins have proved to be powerful tools in the study of large-scale protein motions. Fluorescence depolarization and conventional electron paramagnetic resonance (EPR) are applicable to the study of rotational motions in the nanosecond-to-microsecond time range, and have been used to demonstrate segmental flexibility in an antibody and in myosin. Very slow rotational motions, occurring in the microsecond-to-millisecond time range, are particularly important in supramolecular assemblies, where protein motions are restricted by association with other molecules. Saturation transfer spectroscopy (ST-EPR), a recently developed electron paramagnetic resonance (EPR) technique that permits the detection of rotational correlation times as long as 1 ms, has been used to detect large-scale rotational motions of spin-labeled proteins in muscle filaments and in membranes, providing valuable insights into energy transduction mechanisms in these assemblies.
INTRODUCTION
In recent years there has been a rapid accumulation of biochemical and structural information about large proteins and organized supramolecular assemblies containing proteins, such as membranes, contractile filaments, chromosomes, and ribosomes. A central goal of biophysicists is to describe the roles of these proteins in precise physical terms. In most of the interesting cases, these roles are dynamic, involving biochemical reactions and energy transduction, so this goal can be achieved only by combining biochemical and structural information with direct measurements of molecular motions. Large-scale motions, i.e., motions of whole proteins or large segments of proteins, are particularly important. These motions are likely to affect the direct interaction of a protein with other macromolecules, and are likely to be important links between microscopic and macroscopic dynamics, in processes involving energy transduction. For example, the ATP-driven motions of large segments of muscle proteins are thought to be transduced directly into motions of whole assemblies (filaments) of these proteins and eventually into contraction of the muscle (1) (2) (3) . The motions of membrane-bound enzymes, antibodies, and antigens relative to each other and to the surrounding lipids are postulated to be crucial to membrane function (4, 5) .
Attached Probes: Advantages and Problems
The two methods discussed in detail in this review involve the use of motion-sensitive spectroscopic probe molecules, either fluorescent dyes or nitroxide spin labels, covalently (or at least very tightly) bound to proteins. The chief advantage of the use of probes like these is the opportunity to study selected components of complex systems. Without extrinsic probes, the investigator is usually limited to the study of a solution of an isolated, purified protein, using a technique sensitive to protein motions in general (e.g., light scattering, dielectric relaxation, or birefringence). The rotational motion detected by such nonselective methods is not easily ascribed to a particular region of a protein and is usually used to estimate the overall size and shape of a protein in solution, by assuming that it is a particular type of rigid body. This review is concerned primarily with motions likely to have clearly defined functional importance, such as the motion of a specific part of a protein or the motion of a specific protein in a complex functioning assembly. The selective detection of such motions often requires the use of motion-sensitive probes chemically directed at selected sites.
The experimental requirements for the use of probes in observing large-scale protein motions are much the same as in other applications of attached probes (6, 7) . The spectrum of the probe must be sensitive to the phenomenon studied (in this case, slow rotational motion). The probe should be selectively reactive with the protein to be studied, and labeling should not seriously perturb the function of the protein. After labeling, it is important to verify, with other biochemical and physical measurements, that the protein's structure and function are essentially preserved. There remains the possibility that the motion is perturbed by labeling, despite the lack of any detectable change in protein function. However, in the study of large-scale protein motion this perturbation problem is likely to be less severe than in other applications, because the probe molecule is much smaller than the moiety whose motion is being probed. Unless the probe reacts directly with a crucial group on the protein, the probability is high that the large-scale motions are not significantly perturbed. To detect these motions, however, the probe must be rigidly attached to the protein, so that the motion of the probe is determined by the motion of the protein. This is a particularly important problem for the study of slow motion, and is the chief factor limiting the general applicability of the method. As shown below, however, the requirement of rigid binding has been met in a number of cases, making possible the direct measurement of important large-scale protein motions.
Techniques and Time Ranges Large-scale rotational motions are likely to be slow on the molecular time scale. Motions of individual amino acid residues often occur in the picosecond-to-nanosecond time range, and we expect motions of large protein segments or whole proteins in RAMAN shown, but there have been almost no measurements on proteins in the microsecondto-millisecond time range (9-1 1). In addition, light-scattering often lacks the selectivity to detect a single motion in a complex system. Dielectric relaxation (12) , electric dichroism (13), electric birefringence (14) , and flow birefringence (15), although not shown in Fig. 1 , are also sensitive to a wide range of rotational correlation times and also lack the selectivity that probes offer. In nuclear magnetic resonance (NMR), a wide range of nuclei and methods should make it possible to detect rotational motions over a very broad time range (16). However, most reliable measurements have been made in the nanosecond range, as indicated in Fig. 1 . NMR is further restricted in its usefulness by its low signalto-noise ratio and, especially in the case of 'H and '3C, by the difficulty in selectively monitoring a single component of a complex system. Fluorescence depolarization experiments usually involve probes with lifetimes in the nanosecond range, and can achieve sensitivity to correlation times as long as hundreds of nanoseconds (17, 18) . This technique is, therefore, often sensitive to rotational motions of whole proteins and to large-scale internal motions of proteins in solution. I will discuss two applications below: (a) the demonstration of rotational flexibility in an antibody molecule in the range around 30 ns (19) , and (b) the demonstration of a similar kind of flexibility in myosin that allows the myosin heads (cross-bridges) to rotate in the range around 400 ns (20) (21) (22) . The conventional electron paramagnetic resonance (EPR) method, when applied to spin-labeled proteins, provides sensitivity in a similar time range, and I will discuss its use in (a) providing preliminary evidence for the antibody flexibility demonstrated later by fluorescence (23) , and (b) confirming the fluorescence results on myosin (24, 25) .
Until recently, there remained a gap in the range from microseconds to milliseconds in which very few measurements had been made. As mentioned above, information in this time range is essential in taking the step from isolated proteins in solution to the often more interesting situation of macromolecular assemblies, where motions are likely to be slower and more restricted. There have been efforts in several fields to extend the sensitivity to rotational motions in this time range, and there are some promising recent developments. Considerable success has been achieved with methods involving time-dependent anisotropy of the absorption or emission of long-lifetime optical probes, e.g., pyrene fluorescence (26) , tryptophan phosphorescence (27) , "triplet probe" absorption (28) (29) (30) (31) , and photobleaching recovery (32, 33) . Another promising field is fluorescence correlation spectroscopy (18, 34) .
The method I will discuss in most detail is saturation transfer spectroscopy (sometimes denoted ST-EPR), an EPR method originated by J. S. Hyde that has been used to study rotational motion of spin-labeled proteins in the range of 10-7 to 10-3 s (3, 5, 24, 25, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) , footnotes 1-3). I will discuss below the use of this method to (a) extend the study of myosin cross-bridge rotation to the slower motions occurring in supramolecular assemblies (3, 24, 25) ; (b) study flexibility within the polymeric F-actin filament (3, 24, 25, footnote 1); and (c) observe the rotational motions of two membrane proteins, the calcium-pumping ATPase of sarcoplasmic reticulum,2'3 and rhodopsin (42) .
Rotational Correlation Times
To understand the significance of the data from spectroscopic measurements of rotational diffusion, it is important to define precisely the rotational correlation time (8), T2, which characterizes the time-dependence of the orientation-dependent spectroscopic observable (e.g., the fluorescence emission anisotropy, A). has the angular dependence of a spherical harmonic of order 2, for all of the techniques in Fig. 1 . In the case of axial symmetry, when the observable depends only on 0, the angle between the molecular spectroscopic symmetry axis (e.g., the fluorescence emission transition moment) and the laboratory-fixed reference axis (e.g., the polarization vector of the exciting light), the angular dependence reduces to the Legendre polynomial of order 2, P2(cos 0) = J(3 cos2(0) -1). Then T2 is the exponential de- cay time for the autocorrelation function of P2. That is, for an average probe molecule, the value of cos2(0) after a period much greater than r2 has negligible correlation with the value at the beginning of the period. At the level of a large ensemble of molecules, we can measure T2 by selecting a population that has a nonequilibriunt orientation distribution (e.g., by irradiating fluorescent probes with a flash of polarized light) and then observing the ensemble average <P2(cos 0) > (e.g. the fluorescence emission anisotropy, A) as it decays back to its equilibrium value. Then T2 is the exponential time constant of the observed decay.
Isotropic Brownian rotational diffusion corresponds to a random walk on the surface of a sphere. In this case, <P2(cos 0) > decays exponentially to zero, and the relationship between the observed decay time, r2, and the desired molecular rotational diffusion coefficient is simple: r2 = 1/(6 0). If the spectroscopic observable has the angular dependence of PI (cos 0) = cos 0, as in the case of dielectric relaxation, the correlation time is Tr = 1/(2 0), as described by Debye (45, 8) . Therefore, the correlation times measured by two different techniques can differ by a factor of 3 even if they correspond to the same diffusion coefficient. Since most techniques depend on cos2(0) and measure r2, there should usually be no confusion in comparing results from different techniques. However, varying terminologies sometimes create confusion. The correlation time -r in dielectric relaxation is usually called the "relaxation time" T (12, 45) . Workers in the fields of electric birefringence and electric dichroism also refer to the relaxation time T (13, 14) , even though those experiments depend on cos2(0), so in this case, T T2 1 /(60). Some fluorescence workers, particularly those measuring steady-state polarization, characterize their results with the relaxation time p = 1/(2 0), where p 3T2, and some other fluorescence workers refer to the relaxation time T = 1/(6 0).
Of course, all this confusion could be avoided if results were reported in terms of the diffusion coefficient, 0, instead of the correlation time. However, if the rotational motion is anisotropic or restricted in angular range, the process of extracting the several 0 values from the measured T2 values is more difficult and usually subject to some ambiguity (46, 47) . Therefore, the experimental results must often be reported as correlation (or relaxation) times, and the reader must be aware of the terminology being used. If the correlation time is determined in a steady-state experiment (e.g. EPR or steady-state fluorescence polarization), rather than by a direct timeresolved measurement of the decay of < P2(cos 0) >, even the correlation time can be ambiguous; the effective T2 value estimated from the data depends on the type of motion that is assumed. For example, in a steady-state experiment it may be difficult to distinguish slow isotropic motion from rapid anisotropic motion. molecules that specifically bound a fluorescent hapten, dansyl cysteine, in each of the two combining regions. These workers were thus able to attach a motion-sensitive probe rigidly to the desired sites without resorting to covalent linkage. They then performed fluorescence depolarization experiments on intact IgG, on a two-headed F(ab')2 fragment obtained by digestion with pepsin, and on the isolated Fab fragment obtained by digestion with papain. The results are illustrated in Fig. 2 , which shows semilogarithmic plots of the fluorescence emission polarization anisotropy vs. time. In the case of simple Brownian motion characterized by a single rotational correlation time T2, the slope of the curve is -1/r2. The top curve, obtained from the intact IgG molecule, is not linear, indicating that more than one rotational correlation time contributes to the depolarization. These workers showed that the curve could be analyzed as the sum of two components, one with a r2 of 168 ns, a reasonable value for the overall rotation of the molecule, and another with T2 of 33 ns, much too short to arise from the overall motion, even if the antibody were a compact sphere. Therefore, there must be some internal flexibility in the antibody-antigen complex. To determine the site of this flexibility, these workers performed experiments on the proteolytic fragments. The F(ab')2 fragment (bottom of Fig. 2 ) yields a single r2 of 33 ns. This is a time too long to allow for significant internal motion within the small Fab-antigen complex, implying that the probe is rigidly fixed to Fab, which rotates as a rigid body. The flexibility, therefore, must be at the joint between the Fab regions, as predicted.
More recently, Cathou and co-workers have extended the work of Yguerabide et al. (19) . Holowka and Cathou (48) studied segmental flexibility in a different class of antibodies, IgM, and discussed the possible functional roles of two sites of flexibility in these molecules. Chan and Cathou (49) showed that reduction of the single interheavy chain disulfide of IgG increases the flexibility of the antibody. They discussed the connection between this finding and the requirement of this disulfide bond for maximal complement activation. Segmental Flexibility in Myosin A similar application of fluorescence depolarization, in a somewhat slower time range, was the study of segmental flexibility in myosin by Mendelson et al. (20) . Myosin, the major component of the thick filament of vertebrate striated muscle, interacts with actin, the major component of the thin filaments, via an ATP-hydrolyzing "crossbridge" containing the "head" or "S-1" (called "subfragment-1" when isolated after proteolysis) of myosin (myosin is two-headed). As illustrated schematically in Fig. 3 , force generation may occur by the cyclical attachment, rotation, and detachment of cross-bridges with respect to actin, causing the filaments to slide past each other and shorten the muscle fiber (1) (2) (3) . This is the proposed elementary cycle of energy transduction, in which chemical energy from ATP drives the filament motion. To test the proposal of rotational mobility of the myosin head relative to the tail, these workers attached a fluorescent iodoacetamide analogue to a specific -SH group on each head. The labeled myosin retained its ATPase activity, although the ionic dependence was In each case the slopes are almost too small to measure, indicating that the r2 values are significantly longer than observed in the free myosin monomer (Fig. 4) Time (ns a> FIGURE 6 Fluorescence depolarization data from label attached to myosin heads in myofibrils (22) . ( tive approach is to use a technique that, like saturation transfer EPR spectroscopy, has its maximum sensitivity to motions in the time range of interest, 10-7 to 10-3 s.
EPR
The theory and methodology of the use of nitroxide spin labels in conventional (7, 52) and (Fig. 7, left) , the absorption (V) mode is detected, and a phase-sensitive detector selects the signal component oscillating in phase with the first harmonic (fundamental) of the Zeeman field modulation (usually 100 kHz), hence the designation V1. The microwave (usually 9.5 GHz) field strength is normally kept low enough to avoid saturation; i.e., the spin system is at equilibrium and the signal amplitude increases linearly with the field strength. The resulting display is the derivative of the distribution of resonance field positions. As are on the right. The correlation times (r2) were calculated from the viscosity, temperature, and known molecular diameters, by assuming spherical shape (38) . The top pair of spectra (72 = 3 x 10 11 s) is from a small spin label (tempol) in aqueous solution, the second pair (T2 = 4 x l0 9s) is from tempol in glycerol, the third pair(r2 = 10-7 s) is from maleimide-spin-labeled hemoglobin in 40% glycerol, the fourth pair(r2 = 10-5 s) is from maleimide-spin-labeled hemoglobin in 90/ glycerol, and the bottom pair (T2 10-3 s) is from maleimide-spin-labeled hemoglobin precipitated in saturated ammonium sulfate. The temperature was 20C. The base line is 100 G wide. From Thomas (41) .
the rotational correlation time becomes shorter than the inverse of the frequency resolution in the spectrum, around 10-7 s, the VI spectrum changes from the broad "rigid limit" spectrum ( Fig. 7 , bottom left) toward the narrow emotionally averaged" spectrum (Fig. 7 , top left), resulting in good sensitivity in the time range 10" < T2 < 10-sS. However, sensitivity is poor for T2 > 10-7 S.
The most essential difference in the saturation transfer method (38) is that the microwave field strength is increased to a partially saturating level; i.e., the spin system is no longer at equilibrium and the V, signal amplitude increases less than linearly with the field strength. Since rotational motion can transfer spins between the irradiated (saturated) point and another point in the spectrum, rotational motion can transfer saturation away from resonance. If this transfer occurs within a time comparable to the intrinsic spin-lattice relaxation time T. (the exponential time constant for the dissipation of saturation), then the effects of saturation on the spectrum are reduced.
Since T1 is approximately 10-5 s, and since only a rotation of a few degrees is required for an effective transfer of spins, effects on the spectrum should be observed for correlation times as long as 10-3 s.
However, the shapes of VI spectra are affected only slightly by moderate saturation, THOMAS Large-Scale Rotational Motions ofProteins so only slight spectral changes occur when rotational motion reduces the saturation effects. Spectral displays more sensitive to saturation transfer can be obtained by other detection schemes; e.g., U' (dispersion mode, first harmonic, out-of-phase). The most direct, but experimentally most difficult, method is electron-electron double resonance (ELDOR). The detection method most often used in biophysical studies yields the spectra shown at the right in Fig. 7 . In these experiments, the Zeeman field is modulated at 50 kHz, but the phase-sensitive detector selects the signal component oscillating at 100 kHz, the second harmonic of the modulation frequency. If the in-phase component is selected, the spectrum is designated V2. To obtain the V2 spectrum, the component oscillating 900 out of phase is selected. In the absence of saturation, the V' signal is extremely weak, but at microwave field strengths sufficient to cause saturation, the absorption lags behind the field modulation. The out-of-phase signal, V', becomes large when the modulation frequency, wi, becomes comparable to (or greater than) the relaxation rate, T-' . The resulting signal is almost totally due to saturation, and is very sensitive to saturation transfer, which reduces the signal amplitude. At some spectral positions, rotational motion causes more saturation transfer than at other positions (38) . Therefore, rotational motion reduces the signal T11 is the value of the electron-nuclear hyperfine interaction when the nitroxide principal axis is parallel to the DC magnetic field, and 2T11 is the observed separation of the outer extrema for a randomly oriented, immobilized ensemble. 2T'll is the observed separation (see inset), so the left ordinate is the decrease in this separation due to rotational motion. The solid curve (scale at right) is from computer-simulated (-) and experimental (o) saturation transfer (V2) spectra (37, 38) . Open symbols are from maleimide-spin-labeled hemoglobin (Fig. 7) . At T2 = ao, the closed square is from crystallized hemoglobin, and the closed triangle is from a 100,000 = g pellet of maleimide-spin-labeled actin.
amplitude at some positions (e.g. peak L" in Fig. 8 ) more than others (e.g. peak L in Fig. 8 ), changing the shape of the spectrum. As r2 becomes shorter than 10-3 s, the V' spectrum changes from the rigid limit spectrum, shaped like the integral of VI (Fig. 7, bottom right) , toward a spectrum shaped like the derivative of V, (Fig. 7, center right). Fig. 8 shows plots of spectral parameters vs. r2 for both EPR methods, and demonstrates the agreement between saturation transfer experiments and theory. It should be noted that, although the peak ratio L"/L (Fig. 8) is useful only for measuring correlation times longer than s, the center of the spectrum is also sensitive to correlation times from 10-8 to 10-5 s (38) . Therefore, the two EPR methods can be used to measure correlation times in the entire range 10-II< T2 < 10-3 S.
Segmental Flexibility in Antibodies Although the fluorescence depolarization work of Yguerabide, et al. (19) has provided the most important evidence for antibody flexibility, Stryer and Griffith used a spinlabeled hapten several years earlier to obtain preliminary evidence for this flexibility (23) . They prepared a dinitrophenyl nitroxide that was combined with anti-dinitrophenyl antibody, and they estimated the rotational correlation time from the conventional EPR spectrum. Their measured rotational relaxation time (p) of 35 ns corresponds to a rotational correlation time (T2) of 12 ns. This time is much shorter than expected for the overall motion, so it is consistent with segmental flexibility. However, the possibility of nonrigid binding or internal motion within the probe itself was not ruled out. Spin-labeled haptens and covalently attached spin labels have been used in a number of other studies of antibody flexibility, as reviewed recently by Kaivarainen and Nezlin (53) .
Segmental Flexibility in Myosin
My co-workers and I spin-labeled the head region of myosin with an iodoacetamide analogue to extend the measurement of cross-bridge rotation to correlation times Data are from subfragment -l(S-l), HMM, and myosin monomers. Correlation times are given in seconds.
The absolute correlation times are not directly comparable, because the EPR experiments were performed at 20°C, the fluorescence at 4°C. r2/r2 (S-1) is the ratio of the observed correlation time to that of S-1. See text for discussion.
> 10-6 s (24, 25). As in the fluorescence work, the labeled myosin retained its ATPase activity. We performed EPR experiments on myosin and its proteolytic fragments and determined T2 from conventional EPR, by measuring the parameter 2 TPI (Fig. 8) ,
and from saturation transfer EPR, by observing the central region of the spectrum. The results are similar to those of the fluorescence work discussed above, as summarized in Table I . All three techniques-conventional EPR, saturation transfer EPR, and fluorescence depolarization-yield (a) much longer correlation times for subfragment-1 than expected for a rigid sphere of the same volume, and (b) ratios r2/T2(S-1) for myosin and heavy meromyosin that are 2.0 or less. Like the iodoacetamide fluorophore, the iodoacetamide spin label is rigidly attached and appears to report the correlation time of the long axis of the myosin head; the earlier finding of segmental fiexibility in myosin monomers is confirmed. Our main purpose was to study this flexibility in supramolecular assemblies where conditions are more like those in a muscle fiber, but where the motions are too slow for accurate measurement by fluorescence depolarization. Fig. 9 summarizes some of the results of this work (3, 24, 25) . On the right are the myosin spectra, and on the left are model system reference spectra for comparison. The conventional (VI) spectra (not shown) showed almost no changes due to the formation of these assemblies, indicating that the label remains rigidly bound and that the changes observed in the saturation transfer spectra must be due to changes in slow (presumably large-scale) rotational motions. When myosin in 0.5 M KCI, where it is monomeric (Fig. 9 E) , is dialyzed against lower ionic strength buffer, it assembles into filaments similar in appearance (in electron micrographs) to the thick filaments of muscle. At 0.137 M KCI, pH 8.3, these filaments are somewhat smaller and less ordered than native thick filaments, and they produce spectrum 9D, indicating a correlation time several times longer than that found in myosin monomers. We found that decreasing either the ionic strength or pH increases the correlation time further, a result confirmed by fluorescence work (22) . But even at 0.025 M KCl, pH 7.0 (Fig. 9 C) , where the filaments form visible aggregates, the correlation time is < 10-5 s. In each case the correlation time observed in synthetic myosin filaments is at least 10 times shorter than any correlation time possible for the entire assembly. The additional motion is probably due to rotation of myosin heads. Thus, over a wide range of ionic conditions, the motion of heads in myosin filaments is restricted relative to that observed in monomers, but the myosin heads retain significant rotational mobility in the microsecond time range. This motion is easily fast enough to be consistent with the rotating cross-bridge model of muscle contraction (Fig. 3) . At present, our ability to analyze the spectra in terms of the geometric details of the motion is quite limited. Thus, it is possible that some of the apparent increase in correlation time upon filament formation is due to a restriction in the angular range of myosin head rotation, as suggested by Mendelson and Cheung (22) , and not only to a slowing down of the same motion observed in myosin monomers.
A much more dramatic change is observed when an excess of F-actin (a model for the thin filament) is added to myosin monomers (Fig. 9 A) : T2 increases by a factor of Saturation transfer EPR spectra of iodoacetamide-spin-labeled myosin and its derivatives (right), at 20'C (3, 24, 25) . T2 is the rotational correlation time. The spectra on the left are for comparison and were obtained from maleimide-spin-labeled hemoglobin in glycerol-water solutions (Fig. 7) . The 72 values for the myosin samples were determined by comparing their spectra with hemoglobin spectra and with theoretically simulated spectra, using spectral parameters such as L"/L (Fig. 8) . Spectra are from (F) 1,000, to a point near the limit of sensitivity for even the saturation transfer method. These are conditions where myosin heads form rigor cross-bridges with actin. It is clear that this complex with actin strongly immobilizes both S-1 regions (heads) of myosin and that the actin-S-1 rigor complex is a rigid unit. A rigid linkage between the myosin head and actin may be important in the efficient generation of force. If the joint between the two heads remains flexible, the immobilization of both heads implies that both are bound to actin. Fig. 9 B shows that F-actin also immobilizes myosin heads in myosin filaments, i.e., at low ionic strength. Note, however, that the degree of immobilization is less than at high ionic strength (Fig. 9 A) . The most probable explanation is that steric constraints in the mixture of unoriented thick and thin filaments make it difficult for every myosin head to bind to an actin monomer. The resulting spectrum (Fig. 9 B) contains some contribution from unattached heads (Fig. 9 D) as well as a contribution from attached heads (Fig. 9 A) .
Further progress in understanding the rotational dynamics of myosin heads requires that we make measurements under conditions that more closely resemble muscle contraction. One factor that has slowed progress is that the iodoacetamide spin label, used to label myosin in the work described above, does not remain rigidly immobilized on the myosin head during ATP hydrolysis; i.e., large changes are observed in the conventional EPR spectrum. We have recently solved this problem by labeling myosin with a maleimide spin label, followed by treatment with ferricyanide, as suggested by P. Graceffa (Boston Biomedical Research Institute). This label remains rigidly bound during ATP hydrolysis, i.e., ATP causes no change in the conventional (VI) spectrum. In addition, we have succeeded in labeling myosin heads with this maleimide derivative in intact myofibrils and in whole glycerinated muscle fibers by a procedure similar to that used to label fibers with fluorescent dyes (22) . The results of preliminary saturation transfer experiments on these maleimide-spin-labeled myofibrils indicate that (a) myosin heads rotate in the sub-millisecond time range in synthetic thick filaments, (b) ATP has no effect on this motion, and (c) a similar (but slightly slower) motion, in the sub-millisecond time range, is observed in relaxed myofibrils (5 mM MgATP, 1 mM EGTA) and in contracting myofibrils (5 mM MgATP, 0.1 mm CaCI2), but the motion stops when the ATP is used up (rigor). These are the first direct observations of cross-bridge rotational motion during contraction. This work shows the power of spectroscopic probes in detecting selected motions in complex systems.
Rotational Dynamics in Actin Filaments
Since force-generation involves the dynamic interaction of thick (myosin-containing) and thin (actin-containing) filaments, it seemed worthwhile to investigate the molecular dynamics of the actin filament (3, footnote 1). The dynamic state of actin may be crucial in the interaction of actin and myosin in muscle; it may be even more important in the contractile assemblies found in nonmuscle cells, where actin is the predominant contractile protein and it appears that the regulation of actin's supramolecular state is more complex than in muscle (54) . We have spin-labeled actin with a maleimide analogue that appears to bind quite rigidly with an orientation that makes the label sensitive primarily to bending motions; that is, changes in the orientation of the filament axis (55) . The saturation transfer spectrum of spin-labeled F-actin at 20°C (Fig. 10, top right) yields an effective correlation time of 10-4 s. Evidence has been previously reported, from light-scattering experiments (56) (57) (58) , for F-actin bending motions in the time range around 10 ms, corresponding to changes in the end-to-end distance of the entire filament. The motions reported by the spin label in the sub- millisecond time range probably correspond to a more localized scale than the motions affecting the light-scattering results.
As Fig. 10 shows, the addition of HMM to actin increases the peak ratio L"/L, indicating slower motion within the actin filament. Note that the conventional spectrum is essentially unchanged. Myosin and subfragment-1 have similar effects (3, footnote 1). The immobilization of F-actin by myosin heads is highly cooperative; that is, only about 0.1 molecule of myosin, HMM, or S-1 per binding site (actin monomer) is required to achieve a maximal effect, as shown in Fig. 11 for HMM. This finding adds to the physical and biochemical evidence that the effects of the binding of myosin heads can be propagated along the actin filament even in the absence of the regulatory proteins tropomyosin and troponin (57) (58) (59) (60) (61) .
Rotational Mobility ofMembrane Proteins
An important example of large-scale protein motion in macromolecular assemblies is the rotational motion of membrane proteins, and a number of studies have recently been carried out in this field (32, 33, 30, 42, 43, 62 , footnotes 2 and 3). Optical spectroscopic techniques have yielded some of the first direct measurements of rotation of membrane proteins. Cone (32) measured a correlation time of 4 i2 Os for the rotation of rhodopsin about an axis perpendicular to the plane of the disk membrane of the rod outer segment in an intact retina, by observing the decay of dichroism after the bleaching (with a polarized flash) of the intrinsic chromophore, 1 Cone' s results applied only to the motion of previously unbleached rhodopsin during a period of several microseconds after excitation, the EPR results were obtained for both bleached and unbleached rhodopsin, and revealed no difference in protein mobility between the two states. Therefore, it is unlikely that light-dependent aggregation of rhodopsin molecules plays a role in visual excitation.
My co-workers and I have carried out studies of the Ca2+-ATPase of sarcoplasmic reticulum (SR) membranes using saturation transfer spectroscopy.2'3 To investigate the roles of the motional states of protein and lipid in enzyme action, we applied various perturbations to the membrane system and then correlated the observed changes in ATPase activity with changes in lipid fluidity (monitored by EPR spectra of a stearic acid spin label) and protein rotational mobility (monitored by EPR spectra of the spin-labeled enzyme polypeptide). We attached a maleimide spin label selectively and rigidly to the enzyme, and obtained a preparation with only slightly decreased ATPase activity. Saturation transfer (V2) spectra from preparations containing the spin-labeled Ca2+-ATPase at 40C are shown in Fig. 12 . The corresponding conventional (VI) spectra (not shown) are all virtually identical and indicate that the labels are strongly immobilized. Therefore, any observed differences in V2 spectra are due to slow, presumably large-scale, rotational motion, probably corresponding to rotation of the whole enzyme or a large segment of it. The spectrum of the puri- (Fig. 12, top left) . This is approximately twice the r2 value obtained at 40C for spin-labeled rhodopsin (42) , suggesting that the effective viscosities are similar in the two membranes. The addition of 10 mM CaC12, which inhibits the enzyme by preventing phosphate-release after ATP hydrolysis, decreases the enzyme's rotational mobility (Fig. 12 , top right: L "IL = 0.85 ±0.02, r2 = 1.1 X 10-4 s). When the relatively fluid SR lipids are replaced with the completely saturated phospholipid dipalmitoyl lecithin (DPL), the resulting DPL-ATPase preparation has a rigid lipid phase at 4°C (63), the phosphate-release step is again strongly inhibited (63) , and the protein's rotational motion is markedly slowed, both at 10-and 10-2 M Ca2+ (Fig. 12, center) . The value of L"/L = 1.13±0.01 is at or near the limit of sensitivity for saturation transfer, implying that the correlation time is on the order of 10-3 S or longer. The addition of Triton X-100 to DPL-ATPase dissolves the membrane, restores the ATPase activity, and increases greatly the rotational mobility of the enzyme (Fig. 12, bottom In summary, these experiments show a consistent correlation between enzymatic activity and the rotational mobility of the protein, indicating that the efficient functioning of this transport enzyme may require that the protein be free to rotate in the sub-millisecond time range. The requirement of protein mobility for transport activity has been proposed previously (4, 5, 64, 65) , but this work is the first demonstration of a correlation between enzyme activity and direct measurements of rotational motion. We do not yet know the geometric details of the observed rotational motion. However, this transport enzyme can function even if antibodies are bound to the protein, presumably preventing a 1800 rotation about an axis in the plane of the membrane (66, 67) . It is likely, therefore, that any essential large-angle rotations are about an axis perpendicular to the membrane plane, as is probably the case for rhodopsin (32) .
It is important to note that, in both ST-EPR studies of enzyme motion (on crossbridges and on SR), the observed rates of protein rotation (as estimated by 1/'r2) are much faster than the enzyme cycling rates, and there are cases where these motions occur even in the absence of substrate. However, the enzymes only function when they are rotationally mobile. Therefore, although the data are consistent with models in which the observed rotational motions are required for enzyme function, these motions are not tightly coupled to the enzymatic cycle.
Other Applications ofST-EPR Dalton and his co-workers, who have made major contributions to the theory of saturation transfer, have begun a number of studies on protein assemblies using saturation transfer spectroscopy (39, 68, footnote 4). One of these is the study of the kinetics of aggregation of hemoglobin S from sickle cell patients. 4 Another is the study of erythrocyte membranes from muscular dystrophy patients (68) . It was found that the saturation transfer technique was sensitive to disease-associated changes that were not detected by conventional EPR. Hemminga et al. (69) , applied ST-EPR to the study of a tobacco mosaic virus protein. These and other applications of saturation transfer spectroscopy are discussed in a recent review by Hyde (40) .
DISCUSSION
It should be noted that the correlation times determined in the saturation transfer experiments described above are based on comparison with spectra from isotropically tumbling spin labels (Figs. 7, 8 ). Because many of the actual motions, particularly those of membrane proteins, are likely to be anisotropic, these estimated correlation times cannot be taken as accurately describing the details of the molecular motions. More detailed information will be available when (a) spectra corresponding to anisotropic motions are simulated theoretically and (b) experiments are performed on uniformly oriented samples, e.g., parallel muscle fibers or parallel membrane planes. In general, time-resolved experiments, like those described above involving anisotropic absorption or emission by optical probes, are most likely to provide unambiguous information about complex motions or motions in a heterogeneous system (46, 70) . An ideal method might be time-resolved ST-EPR (that is, a pulsed electron-electron double resonance experiment), since EPR spectra provide more detailed orientation information than optical spectra. However, in the two cases where both saturation transfer EPR and time-resolved optical spectroscopy have been used, (a) in observing the motion of the heads of myosin monomers in solution (20, 24) , and-(b) in observing 4Lionel, T., M. E. Johnson, and L. R. Dalton. 1978 . Hb self-aggregation kinetics as monitored by ST-EPR. Manuscript in preparation.
the extremely anisotropic rotation of rhodopsin (32, 42) , the two methods yield very nearly the same correlation times.
The interpretation of spectroscopic data in terms of molecular dynamics almost always involves some important assumptions and, consequently, some ambiguity. The use of more than one technique, as in several of the examples cited above, establishes the conclusions much more firmly. It appears likely that a variety of magnetic resonance and optical spectroscopic techniques will continue to provide crucial information about large-scale rotational dynamics of proteins, helping to elucidate molecular mechanisms in increasingly complex biological processes.
